[1] Regional changes in seasonal precipitation over Europe have been analysed in two 30-year simulations (current climate and A2-SRES increased greenhouse-gases scenario) using a Global (GCM) and a Regional Climate Model (RCM). The analysis of the simulations is approached using maximum covariance analysis (MCA) to establish the relationship between seasonal precipitation over the European-Mediterranean region and the North Atlantic atmospheric patterns in the winter season. Our results show that the leading MCA modes in the control simulation are similar for both models and agree well with previous studies using observations. The analysis of the A2-SRES scenario RCM results show changes with respect to the control simulation: the first two modes present slight shifts in their centres of action, whereas the third mode resembles more closely what is obtained in current climate simulations. Some differences, specially for the third mode, are obtained when comparing the RCM and the GCM simulations. Citation: Rodríguez-Fonseca, B., E. Sánchez, and A. Arribas (2005), Winter climate variability changes over Europe and the Mediterranean region under increased greenhouse conditions, Geophys. Res. Lett., 32, L13702,
Introduction
[2] During the last few years, one of the most important challenges for the international research community has been the study of the possible scenarios of climate change, and GCMs have been extremely useful tools providing global patterns of these impacts [Ulbrich and Christoph, 1999; Osborn, 2004] . However, because of their coarse resolution (around 300 km), they are unable to realistically reproduce extreme events and the detailed spatial structure of variables like temperature and precipitation over heterogeneous surfaces. The European-scale investigation project PRUDENCE [Christensen et al., 2002] provides a series of high-resolution climate change scenarios for 2070 -2100 for the European and Mediterranean regions with the aim to address and reduce the above mentioned deficiencies in projections. The simulations analysed here were completed inside PRUDENCE using the RCM PROMES [Castro et al., 1993] nested in the HadAM3-GCM [Pope et al., 2000] .
[3] In terms of human impacts of climate change, precipitation is one of the most relevant variables and the European and Mediterranean regions are highly susceptible to changes in precipitation patterns (IPCC [Houghton et al., 2001] ). In particular, climate change may add to existing problems of desertification, water scarcity and food production, while also introducing new threats to human health and increasing economical tensions in the area. It has been shown that the inter-annual variability of seasonal precipitation over Europe is largely influenced by changes in the large scale circulation patterns, such as the North Atlantic Oscillation (NAO [Hurrell, 1995] ). Previous studies also relate extreme and anomalous precipitation in the area to other atmospheric circulation structures, such as the Scandinavian pattern, the East European and Central European patterns and the East Atlantic pattern [Wibig, 1999; Qian et al., 2000; Quadrelli et al., 2001; Rodriguez-Fonseca and Serrano, 2002; Uvo, 2003; Haylock and Goodess, 2004] .
[4] Through the analysis of the MCA patterns between the precipitation and the mean sea level pressure (MSLP) simulated anomaly fields, this work attempts to address the following questions: are the main low frequency precipitation patterns observed over Europe in the current climate scenario different from those obtained under a A2-SRES scenario? Are RCMs able to provide different patterns to those given by the driving GCMs?
Methodology

PROMES RCM
[5] The regional climate model used in this study is the climate version of the PROMES model [Castro et al., 1993] . It is a state-of-the-art primitive equation model, hydrostatic and fully compressible. Vertical coordinates are pressure-based sigma 28 levels, and a Lambert conformal projection is used in the horizontal, centered on 6°E-45°N. An Arakawa-C grid is used to stagger variables in the horizontal. With 113 Â 97 horizontal points of 50 km resolution in both directions, the full domain covers most of European region and Northern Africa, with its western limit well inside Atlantic ocean (see Figure 1 ). The PROMES model uses a split-explicit integration scheme, and all principal physical processes (radiation, large-scale clouds and precipitation, convective processes, land-surface processes, etc.) are included through parameterizations [Gallardo et al., 2001; Arribas et al., 2003] . The two RCM numerical experiments correspond to a control run (CT hereafter) for present climate conditions over the period , and an increased greenhouse emissions scenario, corresponding to the IPCC A2-SRES scenario, as described in [Houghton et al., 2001 ] for 2070 -2100 period (A2 hereafter). In both runs, the PROMES model was nested in the HadAM3-GCM [Pope et al., 2000] .
Data Processing and Statistical Techniques
[6] This study analyses the precipitation and MSLP anomalies for the winter monthly sequence NovemberDecember -January -February (NDJF). In the case of precipitation, the monthly anomaly has been divided by its standard deviation to standardize the great variability of this magnitude. Maximum covariance analysis (MCA or SVD [Bretherton et al., 1992] ) is used to identify the modes that explain the maximum covariance between the precipitation and MSLP. Each mode comprises two spatial structures: one for precipitation and the other one for the MSLP; and two time series (defined by having maximum covariance between each other), denoted as expansion coefficients [Rodriguez-Fonseca and Serrano, 2002] . The results are shown in terms of heterogeneous and homogeneous regression maps for the precipitation and MSLP respectively. For each mode, the precipitation heterogeneous map shows the amplitude of the projection (for each grid point) of the expansion coefficient of the MSLP on the grid point anomaly time series of the precipitation. The MSLP homogeneous map shows the amplitude of the projection of the MSLP on the grid point anomaly time series of the MSLP. Only those areas that are statistically significant to a 98% confidence level (evaluated with a t-test) are mapped. The squared covariance fraction (SCF), a measure of the fraction of covariability explained by each mode, completes the information.
Results
Present Climate Simulations
[7] Maps of the mean change in the total precipitation (A2-SRES minus CT experiments) during the NDJF period (Figure 1 ) indicate an increase of the precipitation in northern Europe and a decrease in southern Europe and most of the Mediterranean basin in the A2 scenario for both models, GCM and RCM. Figure 1 also illustrates the added detail and better representation of the precipitation -especially near zones with complex orography (Pirenees, Alps) and at coastal areas -of the PROMES-RCM compared to the HadAM3-GCM, showing the suitability of RCMs to study regional changes [Sánchez et al., 2004] . Interestingly, the spatial structure of these changes in the simulated future seasonal precipitation is similar to the NAO European precipitation pattern [see Hurrell, 1995; Rodriguez-Fonseca and Serrano, 2002] , which suggests that they could be linked to changes in the North Atlantic circulation.
[8] Figure 2 shows the homogeneous MSLP maps corresponding to the first three modes of the MCA analysis performed with the precipitation and MSLP for the winter (NDJF) season, obtained from the RCM and GCM current climate (control) simulations. Figure 3 represents the corresponding first three MCA precipitation heterogeneous maps. The three modes from both, RCM and GCM models, are remarkably similar to the observed modes [Wibig, 1999; Rodriguez-Fonseca and Serrano, 2002] . In particular, the first mode confirms that the anomalous precipitation regime over the European region (upper panel in Figure 3 ) is strongly influenced by a NAO-like MSLP pattern (upper panel in Figure 2 ). In short, Figures 2 and 3 indicate that a negative phase of the NAO is associated with positive anomalies in precipitation in Southern Europe and negative anomalies in Northern Europe. Although not shown, this pattern maintains a very similar structure with height; as barotropic behaviour is a typical characteristic of this pattern [Raible et al., 2004] . The first mode explains approximately 30% of the total SCF for both the RCM and GCM models. The second simulated atmospheric MCA mode (also in good agreement with the observed one) presents a structure with a main node over the North Sea. Although, due to the limited spatial domain, the whole structure cannot be seen, previous studies relate this pattern with the East Atlantic/West Russian (EAWR [RodriguezFonseca and Serrano, 2002] ) and others with the Scandinavian pattern [Wibig, 1999; Raible et al., 2004] . This mode explains 20.1% and 21.7% of the SCF for the GCM and RCM respectively. Finally, the third MCA mode, which explains approximately 15% of the total SCF in both model simulations, shows a clear dipolar structure, with two meridionally symmetric centres of similar strength. They are located over western and eastern Europe and separated by a line oriented north-south from Denmark to Italy. This pattern is related to the East Atlantic pattern [Wibig, 1999; Rodriguez-Fonseca and Serrano, 2002] , and implies that pressure higher (lower) than normal over the east node and lower (higher) over the west node is associated with wetter (drier) periods over the UK and western Iberia and drier (wetter) periods over east Europe. As shown, the modes in the control simulations for both models are quite similar, which is confirmed by the high correlation values between the RCM and GCM expansion coefficients for all three modes (Table 1) . Minor differences are then obtained between RCM and GCM results, although RCM is giving an enhanced spatial detail due to its higher resolution.
Future Climate: A2 Scenario
[9] The two 30-year simulations for each of the four winter months gives confidence for a statistically significant analysis. As only one ensemble member of both simulations are used, nothing can be said with regard to inter-ensemble variability of A2 and CT differences. Figure 4 shows both the homogeneous MSLP maps (left) and heterogeneous precipitation structure (right) obtained with the RCM model for the first two modes. When compared with present climate (CT) simulations, some differences are found: the largest change in the first MCA mode is a north-east shift of the main MSLP nodes, extending the significant influence of the southern MSLP centre of action on the precipitation to the whole Iberian Peninsula (Figure 4, top right) . This change in the MCA heterogeneous pattern is in good agreement with the changes in precipitation shown in Figure 1 . This implies that the change from CT to A2 is due primarily to changes in the first mode, an interesting feature that has to be further explored in the future. For the second MCA mode (Figure 4, bottom) , the principal MSLP node is slightly shifted to the north-west which, for precipitation, extends the significant area of influence over central Europe to the British islands. GCM results present a high correlation with the patterns presented here, as can be seen in Table 2 . The third mode presents an interesting behaviour (shown in Figure 5 for GCM and RCM models both homogeneous and heterogeneous patterns). The RCM shows a very similar structure for A2 and CT simulations, with just a small change in the location and size of the centre of action for the MSLP patterns. However, the regression map for the GCM is clearly different (left panel of Figure 5 ), and further confirmed by the low correlation values in Table 2 compared with the first two modes. A plausible reason for the differences found in the third mode between the RCM and the GCM in the A2 scenario could be that, as explained by [Wallace and Gutzler, 1981] , the first mode is a global mode (mainly explained by the exchanges of mass between mid-latitudes and polar regions) whereas the other two are patterns of a regional scale. Therefore, the results for the first mode will be strongly dependent on the large-scale characteristics and it would be unrealistic to expect the RCM to simulate structures significantly different from the GCM. However, for other two modes the RCM is able to provide additional information or simulate different patterns, as clearly happens in the third mode for the A2 scenario. Some of differences between the GCM and RCM results for the A2 scenario could be also due to the increase in extreme precipitation events found for future climate conditions in RCM simulations [Sánchez et al., 2004] . These events are better described in the RCMs because of their higher resolution than in GCMs.
Conclusions
[10] There is a good agreement between the PROMES-RCM and the forcing GCM three leading MCA modes in the current climate simulations. These simulated modes are also in good agreement with previous studies using observations or reanalysis data. This confirms that the PROMES-RCM is reproducing the current climate satisfactorily and that the RCM domain is big enough to capture the features of the North Atlantic circulation most related with the precipitation in the European and Mediterranean regions.
[11] When future climate changes in the A2-SRES scenario are analyzed, some changes are found in the principal MCA modes for the A2 scenario when compared to CT. In general, there is a good agreement between the GCM and the RCM for the first two modes: a common feature in both modes is a northwesterly shift of the MSLP and precipitation patterns. Also, the changes for the first mode are in good agreement with mean precipitation simulated changes between A2 and CT.
[12] The changes (A2-CT) for the third mode present, on the contrary, some differences between the GCM and the RCM. Thus, whereas the GCM model shows a clear displacement of the MSLP centres of action between both scenarios, the RCM simulates little changes between CT and A2. As the third mode is a pattern of a regional scale, this result points to the usefulness of using a RCM model, illustrating its ability to provide additional information on top of the GCM simulations.
